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1. EXECUTIVE SUMMARY

The Minerals Management Service (MMS) of the U.S. Department of the Interior funded the
Study of Subsurface High-Speed Current Jets in the Deep Water Region of the Gulf of Mexico
(Jets). The contract was awarded to the Texas A&M Research Foundation on 22 September
1999, and the work was performed by Texas A&M University scientists Worth D. Nowlin, Jr.,
Program Manager, Steven F. DiMarco, Deputy Program Manager, Matthew K. Howard, Data
Manager, and Robert O. Reid. The study objectives are to characterize known occurrences of
high-speed, subsurface-intensified currents, known as jets, and to explore mechanisms
responsible for their generation.

We have identified a total of 13 candidate cases of jets in our observational database. The
candidate jets occur over a twelve-year period (1990-2001); this period is coincident with the
period in which acoustic Doppler current profiler (ADCP) records have become available. Only
profiling current meters possess the necessary vertical resolution to detect and measure a jet
event. Based on observations, high-speed subsurface intensified currents typically have temporal
durations on the order of a few hours to one day, have subsurface speed maxima that can exceed
4 knots (200 cm-s™), have peak speeds that occur between 150 and 350 m below the surface, and
have little or no surface expressions. One of the jets consists of an inertial wave packet caused by
Hurricane Georges that propagated downward to at least 500 m depth. Several of the observed
jets have unusually large (> 10 cm-s™) vertical velocities, suggesting possible measurement error.

We have not ruled out the possibility that the measurement limitations of acoustical instruments
may be responsible for certain biases in the data record. In particular, we have simulated a non-
homogeneous flow field passing a realistic alignment of off-axis acoustic beams (typical of
standard acoustic current instrumentation). We find that current inhomogeneities, both vertical
and horizontal, can significantly affect the estimates of both horizontal and vertical current
velocities. Further, for beam angles of 20°, oppositely directed vertical velocity components in
each beam path can correspond to the appearance of horizontal velocities 2.74 times the vertical
velocity magnitude. Such inhomogeneities could be caused by structural interference, internal
waves, or motions attributed to ship/rig thrusters and could masquerade as energetic features in
data records.

Although most of the observations of jets have serious instrumentation and data quality issues
associated with the current measurements, there is sufficient evidence to assert that unusually
high-speed and short-lived sub-surface current events exist.

We have obtained model outputs from two versions of the Princeton Ocean Model for the Gulf
of Mexico: the Princeton Regional Ocean Forecasting System (PROFS) model (data courtesy L.
Oey, Princeton University) and the University of Colorado Princeton Ocean Model (CUPOM)
(data courtesy L. Kantha, University of Colorado). Four candidate jet events were identified in
the CUPOM model output. They were in the vicinity of the twelve north-central Gulf of Mexico
observational jet candidates and at comparable water depths and placement over the slope.
Generally, all four of the CUPOM jet candidates could be associated with motions of filamentary
structures extending from the Loop Current or eddies associated with the Loop Current. We
believe the filaments are caused by the interaction of the Loop Current with bottom topography



and/or eddy-eddy interaction. The temporal duration of the subsurface features found in the
model were typically much longer (2-6 days or longer) than those seen in observations (one-third
to 2 days). Also, the high-speed core (as large as 70 cm-s™) in the model was generally higher in
the water column (150-250 m) than in observations (150-350 m).

Analysis of the coarse grid scale version of the PROFS model revealed no instances of intense
sub-surface jets in the study region. However, there were several occurrences of isolated internal
wave trains of inertial period. These wave trains, with peak speeds over 20 cm-s’, are likely
associated with the passage of eddies.

Outputs of the Navy Layered Ocean Model during August of 1999 when an unusually large
Loop Current Eddy (Eddy Juggernaut) was impinging on the north slopes show some
filamentary structure in the region of interest. However, the subsurface motions between 200-300
m depth are generally accompanied with motions at the surface, which is inconsistent with
subsurface jets (outputs courtesy T. Townsend of Naval Research Laboratory).

We should note the apparent disparity of time scales between jets observed in the real world and
the jets found in the model output. The observed jets usually have time scales of the order of
several hours to 1 day; we see no evidence in the model output of jets lasting less than one day.
Model jets seem to occur higher in the water (not deeper than 200 m) and last 1-3 days.

Some candidate mechanisms seem more likely than others. The more likely mechanisms include:
(a) motions derived from the Loop Current and associated eddies in the form of filaments and
meanders, (b) motions due to eddy/eddy and/or slope-shelf/eddy interaction, (c) manifestations
of internal waves with unusually large speeds, e.g. internal soliton, (d) the combined effects of
transient surface winds and deep flow over an undulating sea bed, (e) reversed geostrophic flow,
(f) inertial wave packets, and (g) frontal instabilities and the development of small-scale (15-25
km) preferentially cold-core features along frontal boundaries. Unlikely candidates (and reasons)
include association with: coastal buoyancy fronts (too far from shore and river plume), upwelling
(slower peak speeds and usually surface-trapped motions), and undercurrents (no evidence these
exist in the Gulf of Mexico).

Recommendations are made regarding general oceanographic data collection as well as specific
data collection strategies for capturing subsurface jets. The general recommendations include:
the use of downward-looking long range (38 kHz) ADCPs on rigs, the routine collection of
temperature and salinity profiles and meteorological data at such sites, the collection of near-
bottom current data in deep water, the use of simple and portable acquisition system, regular
backup and archival procedures for data, and the telemetry of data to a central onshore data
facility. Recommendations specific to the detection and study of jets include: establish long term
moored measurements in regions thought to contain jets, obtain temperature and salinity profiles
during events, carry out targeted ship surveys during instability events (i.e., cyclone formation
from eddy-topography interaction), and use standardized collection procedures. We recommend
targeted field studies using moored instrumentation as well as ship surveys to capture jet events
and provide evidence of their generation mechanisms and estimates of their spatial and temporal
scales. Without such information, the real causes will remain questionable.



2. INTRODUCTION
2.1 Background and Program Objectives

There are four major classes of energetic currents in the Gulf of Mexico that are of primary
importance to offshore petroleum operators. These are 1) currents resulting from energetic,
episodic atmospheric events, 2) currents associated with the Loop Current and its related eddies,
3) vertically coherent currents below 1000 m (believed by some to be topographic Rossby
waves), and 4) high-speed, subsurface-intensified currents.

The "Study of subsurface high-speed current jets in the deep water region of the Gulf of Mexico"
(henceforth, “Jets Study” or “Study”) seeks to characterize known jet occurrences and explore
mechanisms responsible for their generation. The Study is a response to the observations by
several deepwater petroleum operators of jets occurring over the upper continental slope of the
northern Gulf of Mexico in water depths of about 1000 m and less. The Jets Study was one of
four Gulf of Mexico numerical modeling studies funded by the Minerals Management Service in
1999. The three other studies involved analysis of full Gulf of Mexico numerical circulation
models (Hamilton et al. 2003; Rothstein et al. 2003; Sturges et al., in press). Outputs of two of
these studies were made available to this Study for analysis and interpretation; they are discussed
in Sections 4.1 and 4.2.

The goals of the Jets Study are to:
* characterize the subsurface current jets that occur in the northern Gulf of Mexico, and
* identify and describe the physical mechanisms responsible for their generation.

Originally, eight activities were identified to achieve these goals. These activities governed the
direction of the Jets Study until June 2001. During annual review meetings in May 2001 and
January 2002, MMS and the MMS Model Review Board (MRB) amended these activities with
other recommendations. The amendments were in response to the evolution of the Study’s
findings. The initial activities, with brief discussion of progress, are stated in the following
paragraphs.

Identify and acquire data having subsurface current jets. This activity consists of an exhaustive
search of our database for cases of subsurface current jets and the identification and acquisition
of ancillary data sets that will aid in the interpretation of these jets. New sets of current data were
identified as they became available during the course of this study.

Analyze data to characterize subsurface current jets. Each subsurface jet identified in our
holdings was categorized by season, location, strength, vertical/horizontal (if available) profile,
and duration. Once identified and categorized, our database was searched for concurrent
measurements of current velocity, nearby CTD casts, and, where available, satellite images
(SST, SSHA) to gain further insight to the cause, scale, and dynamics of the jet.

Prepare a climatology of subsurface current jet events. The goal of this task was to determine the
frequency, location, and depth of occurrence; maximum speeds; duration and persistence;
temporal/spatial scales; relation to topography; and dominant vertical pattern of these events.



Because of the rarity of observed jet events, the preparation of a climatology of jet events was
abandoned in favor of additional numerical output analysis and generation mechanism
speculation.

Examine relationships between occurrence of jets and potential forcing phenomena. The latter
include documenting local presence of cyclonic or anticyclonic rings, interaction of rings with

topography, formation of Loop Current eddies, and intense atmospheric events. We used
extensive collateral data sets with which to examine these relationships, including sea surface
height and sea surface temperature from satellites (1992 to present), drifter data from Gulf of
Mexico dating from 1989, Horizon Marine Inc. Eddy Watch analyses, time series of Loop
Current eddy formation from the Loop Current, and regional wind fields.

Identify and analyze jets from numerical model output. Initially, we used the University of
Colorado's Princeton Ocean Model (CUPOM) high-resolution output for 1993-1999. We
systematically examined the CUPOM output for cases of subsurface current jets. We then
characterized the model jet events to examine the relation of the events to potential forcing
phenomena seen in the model output. Insights gained from this activity were used to enhance and
supplement the analyses of the observations. Numerical output from other circulation models
became available during the course of the Study.

Attempt identification of physical mechanisms responsible for generation of jets. This activity
was based on study of data and model output and of such phenomena reported in the literature.
Onken (1990), for example, discusses the transformation that can occur within an oceanic frontal
system (e.g., Loop Current, Gulf Stream, or eddies detached there from) by combined upwelling-
downwelling at intermediate depths that cause a thermostad and hence reversal of geostrophic
flow and a resulting low-frequency jet. The classical example of this mechanism is that
associated with the submerged equatorial Cromwell Current. Another conceivable mechanism is
the combined effects of transient surface winds and deep flow over an undulating sea bed that
can cause downward and upward flux of energy to the water column at relatively high frequency,
causing a subsurface baroclinic jet (Rhines 1977). Both mechanisms produce a divergence of
flow in the subsurface regions, but at quite different frequencies of evolution. Yet both are
baroclinic, in that they require strong density stratification

Meetings with MMS and industry representatives. Industry has a cadre of knowledgeable
scientists who have studied the currents in the Gulf and their impact on industry operations. The
goal of this activity was to identify additional pertinent data sets, present significant results,
discuss ideas about the mechanisms that may generate the subsurface current jets, and exchange
information and concepts on subsurface current jets. We participated in relevant Industry
Workshops during the course of the Study.

Synthesize results and prepare reports. Dissemination of Study findings to interested parties
(including MMS) was critical to the overall success of this study. We found that as the Study
progressed and findings were made available, industry was more willing to cooperate with the
Study and allow its participants access to proprietary industry data sets.




At the Annual Review Meetings of the MMS Gulf Numerical Studies held in Kenner, LA on
May 8-9, 2001, and January 12-13, 2002, MMS representatives and the MRB made several
recommendations to aid in direction and focus of the Study. The combined recommendations
from these meetings are:

1. To provide guidance to MMS as to how data collection should be improved on oil and
gas industry platforms.

2. To apply analysis schemes to the Princeton Regional Ocean Forecasting System
(PROFS) model data outputs run both with and without assimilation. Outputs from two
version of the model were collected: coarse grid scale (CGS) and fine grid scale (FGS).
Dr. Leo Oey of Princeton University contributed outputs.

3. To use CUPOM model outputs to establish time-space scales of jets.
4. To continue to collect relevant observations as they become available.
5. To offer guesses as to causal mechanisms of subsurface jets even if we are not sure.

6. To take a close look at inertial/internal mechanisms for jet generation using the highest
possible temporal and spatial resolution available (preferably hourly). In addition,
attention should be paid to filamentary structure mechanisms for jet generation.

2.2 Definition of Subsurface Jet

To facilitate the identification of subsurface jet events in our observational and numerical model
output databases, we established the following definition of high-speed subsurface intensified
currents, or jets. Jets typically have temporal durations of a few hours to one day, have
subsurface speed maxima that can exceed 4 knots (200 cm's™), but are at least 40 cm-s™, have
peak speeds that occur between 150-350 m below the sea surface, and have little or no energetic
surface expression.

2.3 Importance to MMS and Offshore Industry

Currents at all depths are important factors for the transport of pollutants and other substances,
including oil. Therefore, offshore operators design drilling and production systems to account for
forces exerted by these currents (Farrant and Javed, 2001). Because several deepwater petroleum
operators have reported cases of unusually high-speed subsurface-intensified currents that have
disrupted, suspended, or delayed platform operations, the frequency, persistence, and speed
characteristics of jets are important design criteria to reduce down time and to compensate for
potential hazards like riser and tendon fatigue due to vortex induced vibration (VIV). It has been
estimated that a 200 cm-s™ jet event with a sheared unidirectional current profile will use up the
fatigue life of a TLP tendon on the order of one week (Cort Cooper, personal communication).
Further, knowledge of the occurrence of subsurface current jets can be important considerations
for oil spill trajectory analysis and modeling, including spills from the deep seafloor.



The occurrence of subsurface jets can be important in the skill assessment of models. The
observations suggest that there is a substantial vertical component of velocity associated with
some jet events. Many of the full Gulf of Mexico numerical models used by MMS and industry
assume the hydrostatic approximation, i.e., negligible vertical acceleration. If the observed large
changes in vertical velocity on short time scales are validated, then MMS and industry must
consider non-hydrostatic models for the Gulf of Mexico in the future.

2.4 Data and Output Descriptions

As part of our previous MMS studies and Texas A&M University’s 50-year involvement in Gulf
of Mexico research, we have assembled an extensive oceanographic database. Much of this data
set was collected, quality controlled, analyzed, and archived for the MMS-funded Deepwater
Physical Oceanography Reanalysis and Synthesis (Deepwater) Project (Nowlin et al. 2001). Our
data set comprises virtually all of the publicly available current meter records from the Gulf of
Mexico.

In addition to publicly available records, we have acquired many additional moored current
meter and ADCP records from the offshore petroleum production industry. These current meter
records are mostly from locations in U.S waters over the continental slope and rise of the north-
central Gulf of Mexico where drilling pressures are greatest, although we also possess records
from the western Gulf of Mexico. These records and assorted hydrographic data collections
generally cover the time period from 1980 through 2001. We are confident that we have
assembled the most comprehensive data set possible for this project.

Email was sent periodically during the Study to industry representatives, who owned proprietary
or publicly available current meter data sets thought to contain jets, to solicit access to newly
acquired current meter data or collateral survey (particularly hydrographic) data that may have
been done concurrently with the current meter collection. The survey data were sought to more
fully describe the general oceanographic conditions in the Gulf of Mexico during the time of the
events and to investigate possible causal mechanisms. All contacted industry representatives
responded to our request; although our requests yielded a few new current meter records, no
hydrographic data were collected in the vicinity and time of the jets requested. The lack of
temperature and salinity structure during jet events greatly lowered our ability to select the most
likely mechanisms for jet generation.

The short temporal character and confined, relatively narrow vertical extent of jets provide a
challenge to researchers attempting to investigate them. Because of the large vertical separation
of moored single-point current meters (usually hundreds of meters), practically all current-meter
data collected prior to 1990 are useless for the investigation of jets. With the advent of profiling
acoustic current sensors, investigators were afforded the opportunity to collect profiles of current
velocity with good vertical resolution (order several meters) over vertical ranges of tens to
hundreds of meters. However, a single current profiler looking vertically through the water
column does not provide any indication of the horizontal scale and structure of these jets.
Unfortunately, there have been no deployments of multiple current profilers in the Gulf of
Mexico in the depth range of the water column when jets occurred. Therefore, there is no direct
observational data on which to quantitatively investigate the horizontal scales of jets.



Most industry records containing jet events were produced when suspending an ADCP from a
drill ship or other platform. Unfortunately, much of the documentation (metadata) regarding
these industry-sponsored records is missing or inadequate to allow complete understanding of the
mooring configurations. Further, the data itself were sometimes in less than desirable formats
including: paper copies of plotted data or digital images of computer screens containing current
meter data.

In addition to in situ current meter and hydrographic data, we also collected available satellite
derived altimetry and AVHRR sea surface temperature products. The altimetry products were
collected mostly from the Colorado Center for Astrodynamics Research through Dr. Robert
Leben’s interactive website (http://www-ccar.colorado.edu/research/gom/html/gom_nrt.html) but
also as a specialized altimetry product provided to us for use in the MMS-funded Northeast Gulf
of Mexico Chemical Oceanography and Hydrography Study (Jochens et al. 2002). The altimetry
data basically covered the period from April 1992 through December 2002. The sea surface
height fields derived from the satellite altimetry uses a combination of altimeter data from
TOPEX/Poseidon and ERS-2 satellites with 10-day and 35-day repeat orbits, respectively. See
Jochens et al. (2002) for more information on altimeter products.

Sea surface temperature products were obtained using the Johns Hopkins University Applied
Physics Laboratory Ocean Remote Sensing website (http://fermi.jhuapl.edu/avhrr/gm/
index.html). Available are 3-day and 7-day image composites of Advanced Very High
Resolution Radiometer from April 1996 to December 2002 (and beyond).

We also have acquired for this study 3 CD-ROMs (Volumes 3, 4, & 5) from NOAA's National
Geophysical Data Center (NGDC) that contain their newly released Coastal Relief Gridded
Database series for the US Gulf of Mexico. These constitute a merger of the USGS Digital
Elevation Model (DEM) for the US Gulf coastal states with the best available bathymetric data
sets from the National Ocean Survey (NOS) and university sources. Marine coverage is
essentially the US EEZ. The data are gridded at a horizontal resolution of approximately 90 m
with a vertical resolution of 0.10 m. See http://www.ngdc.noaa.gov/mgg/coastal/coastal.html for
complete details on the regional coverage, data sources, and data assembly methodology. We
have modified software supplied by NGDC to run on our workstations. The software allows us to
read the NGDC format and extract detailed bathymetry for our areas of interest.

Other ancillary data include various wind products (time series from NDBC buoys, coastal
regional airports and gridded model wind products, including ETA and ECMWF) and river
discharge time series from gauging stations of major rivers of the northern Gulf of Mexico. The
ancillary data sets were collected early in the Study, but were of limited use for interpreting
subsurface jets. We include them here for completeness; but will not discuss them further.

Because of the relative paucity of deepwater current data, we supplemented the observational
data with the output of several numerical circulation models. The initial model examined was
provided to us courtesy of Drs. Lakshmi Kantha and Jei-Kook Choi at CCAR. Their model, the
University of Colorado Princeton Ocean Model (CUPOM), is a modified version of the
Princeton Ocean Model having an improved surface boundary layer (Kantha et al. 1999). It is a
sigma coordinate model with 21 depths and 1/12° horizontal resolution. Forcing is by upstream



boundary conditions that simulate the Loop Current, by surface wind stress fields from
atmospheric models, and by air-sea fluxes. It is constrained by assimilating satellite-derived sea
surface height and sea surface temperature. The model assimilates SSH through the construction
of pseudo-temperature profiles which when combined with historical temperature-salinity
relationships yield a water column of height that matches the observed SSH. The model outputs
temperature, salinity, and two components of horizontal velocity. The version of the model
available to us and subsequent runs of this model are actively used by industry and MMS for
simulating mesoscale features in the Gulf of Mexico, and is operated quasi-operationally to
obtain nowcasts and forecasts of the Gulf. Initially, we used results from a 6-year simulation
(1993-1999) that was also available to the Deepwater Study. Nowlin et al. (2001) describes the
model products available to the Study for analysis. A second run of the CUPOM covering the
same temporal period as the first run was also made available to the Study in December 2001.
The two sets of output form a complementary set which were made available to the JETS study.

Model outputs were obtained from three separate runs of the Princeton Regional Ocean Forecast
System (PROFS) Princeton Ocean Model of Dr. Leo Oey of Princeton University. All three runs
of the model had 26 sigma-layers in the vertical. Available to us were two runs of the coarse grid
scale (CGS) version that covered the time period from January 1997 through December 1999.
One of the CGS runs was with data assimilation; the other was not. Output of the CGS run were
available only at selected locations in the Gulf of Mexico (probe locations) and at at 3-hourly
intervals. Figure 2.4-1 shows the locations of the PROFS CGS probe locations. An additional run
using the fine grid scale (FGS) version of the non-assimilated model covering a 90-day period
from August 1998 through October 1998 was also available. For more information on the
PROFS model see Hamilton et al. (2003). The horizontal grid size of the PROFS CGS model
varies from about 10 km (near the Loop Current) to about 5 km in the northern Gulf. The grid
size for the FGS version is about one-half that of the CGS version. Model output is at discrete
isolated points, i.e., pseudo-probe locations rather than at a fully dense grid. Figure 2.4-2 shows
the grid where PROFS FGS output was made available for this study.

2.5 Report Organization

Section 3 presents descriptions of the jet events found in current meter observations. This section
also summarizes limitations of current measurement using multiple beam acoustic Doppler
profiling instruments. Section 4 presents descriptions and interpretations of jet events found in
several different numerical models. Section 5 discusses the plausible and implausible
mechanisms of jet generation. Section 6 presents recommendations for oceanographic data
collection aboard offshore drilling and production platforms. Section 7 summarizes the
conclusions of this study and offers suggestions for further investigations and lines of inquiry.



30°N-

Figure 2.4-1. PROFS model probe locations (dots) in the Gulf of Mexico. Isobaths shown are
500, 1000, 1500, 2000, 2500, 3000, and 3500 m. [Figure courtesy L. Oey,
Princeton University.]
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3. OBSERVATIONS
3.1 Descriptions of Jet Candidates

Table 3.1-1 summarizes the locations, dates, and maximum speeds of the thirteen jets contained
in proprietary and non-proprietary current meter records. Two of the jets listed in this table (jets
4 and 13) are from confidential industry data sets: they are only identified by year and lease
region. The five jets whose status is listed as “Restricted” are from proprietary industry data sets
as well; however, permission has been granted from the data owners to allow their quantitative
description and display in this report. When the total water depth was unknown, a nominal depth
for the lease block is reported.

Table 3.1-1. Summary of Thirteen Cases of Subsurface Jet Currently in Our Data Inventory.

No. LB DATE LON LAT Data Status J-Depth Max. T-Depth
Spd
°W °N m cmrs™ m
1. MC72 19 Apr 1990 88.587 28.910 Restricted 300 150+ 1000
2. GC200 30 Apr 1994 90.749 27.767  Unrestricted 210 60+ 600
3. AT575 16 Jul 1995 89.785 27.366 Restricted 175 50+ 2000
4. PI 1996 Confidential
5. VK956 10 Feb 1997 88.094 29.045  Unrestricted 275 105+ 1200
6. MC628 10 Apr 1997 89.366 28.332  Unrestricted 325 80+ 760
7.  GCS505 04 Nov 1997 90.902 27.465 Restricted 225 40+ 1306
8. GC505 20 Nov 1997 90.902 27.465 Restricted 225 60+ 1306
9. GC236 09 Apr 1998 91.142 27.730  Unrestricted 180 60+ 600
10.  DC977 28 Sep 1998 87.494 28.003 Unrestricted Unknown 25+ 1300
11.  GC506 25 Oct 1998 90.853 27.464 Restricted 275 60+ 1295
12. EW913 16 Aug 1999 90.399 28.066  Unrestricted 160 210+ 500
13. GC 2001 Confidential
J-Depth is depth of jet core. T-Depth is total water depth. Max. Spd is maximum jet speed.

Figure 3.1-1 shows the locations of the eleven unrestricted and restricted candidate jets.
Observation locations are labeled by the lease block in which they occur. We see that most of the
known jet occurrences are confined to the slope regions of the north-central Gulf of Mexico.
However, this region also coincides with the highest density of observations from offshore
operations. One jet is located in the western Gulf of Mexico in Lease Region Port Isabel (PI).

Eleven of the thirteen jets listed in Table 3.1-1 are from ADCP instruments (jets 2-9, and 11-13).
Jet number 1 was measured using a lowered InterOcean S4 current meter and Jet 10 was
measured with a combination of an upward-looking ADCP and conventional rotor-type current
meters. The ADCP quality parameter "percent good" was available for all of these jets except jet
10. Of the seven remaining jets where percent good is available, only two jets (numbers 3 and 6)
did not show a significant drop in "percent good" at the depth and time of the jet occurrence.

11
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Figure 3.1-1. Locations of candidate occurrences of mid-depth current jets in the Gulf of
Mexico from public and restricted current observational data sets (see Table 2.5-
1). Isobaths shown are 1000, 2000, and 3000 m. Jets are labeled by lease block.
Center of label is jet location.
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Because a sudden and abrupt decrease in percent good can indicate a decrease in data quality, we
contacted the ADCP manufacturer, RDI, for guidance on how to interpret these data. RDI
indicated that among the factors that can produce spurious measurements are large thermal
gradients, unusually large tilt values, and heterogeneous scatterer concentration. Further, RDI
has indicated that beam refraction can play a role in producing unusually large vertical velocities,
which have been seen in the observations. Most seriously, however, the violation of the
homogeneous flow assumption can significantly affect current estimates. This will be discussed
more in Section 3.2.

We now present short narrative descriptions of each of the candidate jet events listed in Table
3.1-1. These narrative descriptions include descriptions based on collateral data of potential
forcing phenomena, such as atmospheric storms and oceanic eddies, that may be responsible for
the occurrence of the jets. Illustrations of currents, sea surface temperature, and sea surface
altimetry are provided when available. The eleven non-confidential jets are described here.

3.1.1 MC72: 19 April 1990

In early April 1990, an oil-drilling platform owned by BP experienced usually large sub-surface
currents during drilling operations. The platform was forced to suspend operations until currents
returned to safe and acceptable speeds for drilling. Additionally, the event was unusual because
there was no surface expression of the subsurface currents. Several days later, current meter
instrumentation was deployed in Mississippi Canyon Lease Block 72 in an effort to quantify the
vertical structure of current speed at this location. An InterOcean S4 electromagnetic current
meter was deployed at varying intervals (6 to 10 hours) beginning 15 April 1990 and ending 19
May 1990. The S4 was simply suspended by a line to the surface and lowered at roughly 100-
foot (30.5 m) increments to 2000 feet (610 m). The instrument was free to swing and spin on the
lowering line during the deployment. Beginning on April 30, an Aanderaa current meter was
occasionally lowered with the S4. According to Horizon Marine’s Eddy Watch chart for that
period, the Loop Current was well south of the instrument. However, a warm circulation feature
was intruding from the Loop Current into the DeSoto Canyon. This feature appears to be in the
vicinity of the platform.

Currents in the upper 150 m were weak and generally less than 20 cm-s"' throughout the
deployment. From April 15-17, currents below 150 m were more variable with speeds from 20-
80 cm-s™ and with current direction covering the full compass range, 0-360°. On 18 April 0900
UTC, a subsurface jet appeared between 150 and 400 m depth; current speed exceeded 150
cm-s” at 300 m. There is no indication of the jet eight hours before (0100 UTC) or after (1700
UTC). On 19 April 0100 UTC, the jet reappeared between 150 and 450 m; speeds exceeded 170
cm-s” (Figure 3.1.1-1). Current speed directions at this time and depth range from 60° to 350°.
At 1100 UTC, the jet is again seen at the same depths with similar speeds. By 1700 UTC,
currents returned to speeds less than 40 cm-s™ throughout the water column.

On 21 April 0745 and 1550 UTC, currents showed very strong vertical shear, going from 5

cm-s” to 160 cm's™ over 30 m. The speed core was spatially narrower than before—only 75-150
m thick. From 22-24 April, speeds between 300 and 450 m occasionally peaked to more than
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meter at lease block MC72 during jet event on 19 April 1990. Times of profiles
are 0100, 1100, and 1700 UTC. Note English measurement units.
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100 cm-s™', while the current between the surface and 300 m generally was below 25 cm-s™. After
25 April until the end of deployments on 19 May, currents rarely exceed 20 cm-s™ at any depth.
Further, there was very good agreement for speed and direction between the simultaneously
lowered S4 and Aanderaa instruments although the simultaneous lowering of these instruments
only occurred during the quiescent periods.

This is the first observational record of a subsurface jet event in the Gulf of Mexico.
Unfortunately, the instrument was first deployed only several days after the first current event.
The data during the subsequent events are considered somewhat suspect because the instrument
was allowed to swing freely. Also, the extremely large shear and widely varying directional
changes, which occurred over short vertical distances and short time periods, also cast doubt on
the validity on these measurements.

3.1.2 Jet 2 in GC200: 30 April 1994

The second candidate jet in the database occurred 30 April 1994. Figure 3.1.2-1 (top) shows
speed contours during this jet. Data are courtesy of Marathon Oil Company. The 75-kHz ADCP
data were taken at four-minute intervals and binned into eight-meter bins. The sampling rate for
this record is high compared to that in most other data sets examined—generally every 30 minutes
or more. This jet propagated upward in time with peak speeds greater than 50 cm-s™ at about 210
m depth. The jet lasted on the order of eight hours. The raw speeds have been smoothed with a
25-point boxcar filter to stabilize the contouring. Figure 3.1.2-1 (bottom) shows contours of
percent good during the same time period. The raw percent good values were smoothed with a
25-point boxcar filter prior to contouring. The most notable feature of this plot is the band of low
percent good between 110- to 180-m depth. Negative percent good indicates that no usable data
were available. This band most likely represents interference by part of the drill ship structure
with the acoustic pulse. The plot also shows a decrease of percent good at the far limits of the
instrument range. In this case, it is below 400-m depth. During the jet, however, a distinct
decrease in percent good occurred following the upward propagating signal. Raw percent good
values during the jet were as low as 60. The sudden decrease in percent good casts some doubt
on the validity of this jet. Further, it is possible that the structural interference between 110 and
180 m prevented the observation of energetic phenomena at those depths.

SSH during the period of this jet (Figure 3.1.2-2) showed a weak (5.0 cm maximum height)
elongated anticyclone centered south of the DeSoto Slope. The ADCP was located north and
west of two strong cyclonic features. A Loop Current Eddy (Eddy Creole) was well to the south,
centered at 89°W, 25°N. The Loop Current did not extend north of 27°N. AVHRR sea surface
temperature imagery (not shown) revealed a weak atmospheric cold front passing through the
region at about the time of the jet. It is unclear whether the presence of this front influenced the
currents at depth. We note that the sea temperature at the depth of the ADCP remained steady at
about 23°C during the time of the jet, while temperature fluctuations of about 2°C were present
for several days before and after the event.

This jet event was contained in a much longer record that spanned 14 February 1994 through 2

June 1994. In general, the record was noisy, with many velocity outliers (isolated or single-point
measurements outside statistical limits of what is expected based on the record’s characteristics).
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3.1.3 Jet3in AT575: 16 July 1995

On 2 April 1995, Woods Hole Group deployed a 75-kHz ADCP on a drill ship in roughly 2000
m water depth in Atwater Valley Lease Block 575. Data are courtesy of BP/Amoco. The
deployment was for routine monitoring of ocean current during drilling operations. The
deployment ended 5 November 1995. Measurements were taken at 20 minute intervals using 8 m
depth bins. During the deployment a Loop Current Eddy (Eddy Zapp) passed through the
location causing near-surface current speed in excess of 100 cm-s™. As the trailing eastern edge
of the eddy passed the instrument’s location on 16 July 1995, a jet appeared between 150 and
200 m with maximum speed of about 55 cm-s" and lasted on the order of one day (Figure 3.1.3-
1). The SSH field about the time of this jet clearly showed the location of the compact and
intense LCE (SSH > 30 cm) relative to the drill ship (Figure 3.1.3-2).

Vertical and error velocity fields were not available to us during this deployment. Contours of
the percentage of good pings during each measurement do not show any indication of data
quality reduction during the time and depth of the jet (Figure 3.1.3-3).

Generally, this record is considered of good quality. However, following the jet event the record
contains several large gaps presumably when the instrument was turned off during repositioning
or relocation of the drill ship.

3.1.4 JetSin VK956: 10 February 1997

A total of 111 profiles of current velocity were measured in lease block VK956 using an RD
Instruments 75 kHz narrowband ADCP during 10-11 February 1997. Data are courtesy of Shell.
The time interval between the beginnings of each profile was 10 minutes. Data were collected in
17-m bins from 46 m below the surface to 500 m below surface. Current speeds between the
surface and 200 m remained relatively unchanged during the deployment with speeds between
15 and 25 cm-s" (Figure 3.1.4-1). The development of a sub-surface jet with maximum speeds of
105 cm-s™ at 300 m depth and lasting roughly six hours can be followed through the first 50
profiles. The jet is not seen eight hours (roughly 60 profiles) after the occurrence. Detailed
analysis of these data included plotting and analyzing the percentage of good pings during each
profile, (each profile is an average of many pings), the measured vertical velocity, and the
measured error velocity. The ADCP purposely had one of its four transducers turned off during
this deployment because it pointed directly at the platform riser. This, however, prevents an
estimate of error velocity. Moreover, it decreases the overall data quality because the instrument
can no longer use the four-beam algorithm to estimate current velocity and must resort to a less
accurate three-beam solution. Analysis of percent good during the event shows a slight decrease
when the jet is at its maximum speed. Estimates of vertical velocity exceeded 20 cm's™ between
200 and 500 m depth during the event, but were near zero before and after the event (Figure
3.1.4-2). This feature has been observed in other jets as well. After inspection of the raw data
files, RDI engineers have indicated there is no apparent instrument malfunction and, from an
instrumentation perspective, the data appear good. Figure 3.1.4-3 shows the sea surface height of
the eastern Gulf of Mexico during the jet event. A weak slope anticyclone was present south of
the measurement location. The Loop Current and a separated LCE (Eddy Creole) was well to the
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south. Eddy Watch charts during this time indicate the presence of a cold core cyclone (Easy
Eddy) north of the measurements. Another weak warm core eddy (Eddy Deviant) moved close to
the region in late February.

3.1.5 Jet 6 in MC628: 10 April 1997

Figure 3.1.5-1 shows contours of current speed versus depth and time for the jet in MC628 that
occurred on 10 April 1997. Data are courtesy of Chevron. The maximum current speeds
exceeded 80 cm-s™ at a depth of 300-400 m. Three peaks are observed at different times at the
jet’s core depth. The main event lasted approximately 24 hours, although currents exceeded 40
cm-s” for more than 36 hours after the peak current. Currents at 60 m below the surface exceeded
90 cm's™ 1.5 days before the jet, while currents above 100 m remained greater than 80 cm-s
much of the time before, during, and after. We also note there was a slight deepening of the
speed contours during the period of the jet. The percentage of good pings registered by the
ADCP (Figure 3.1.5-2) indicated 100% data return to depth of about 300 m, at which there was a
gradual decrease with depth. At 700 m the percent good is relatively constant at 40%. At the
depths and times associated with the jet, there was only slight indication of a decrease in percent
good. However, estimates of vertical velocity as measured by the ADCP (Figure 3.1.5-3) are
correlated with the peaks in horizontal speed maxima. Vertical currents speeds were positive
(upward) during the jet and exceeded 5 cm-s™.

The SSH field (Figure 3.1.5-4) shows that the measurements were made on the western limb of
an anticyclonic eddy that was positioned south of the DeSoto Canyon (88°W, 29°N). The eddy
was nearly stationary during April-May 1997 and slowly moved westward during June 1997.
AVHRR SST imagery (Figure 3.1.5-5) at the time of the jets shows the thermally stratified Gulf
of Mexico typical of spring with cooler temperatures to the north and warmer to the south. The
warm region between 86°W-87°W and 28°N coincides with a high region of SSH seen in Figure
3.1.5-4.

3.1.6 Jet7in GC505: 4 November 1997

A 75-kHz ADCP was deployed from a drill ship for routine ocean monitoring in Green Canyon
Lease Block 505 from 7 October 1997 through 15 March 1998. Data are courtesy of Texaco. The
total water depth at this location was 1306 m. The ADCP was suspended at 16 m below the sea
surface and was set to record at roughly 20-minute intervals and 8-m bins (Figure 3.6-1). Eddy
El Dorado detached from the Loop Current in September 1997 and moved westward, first
passing south of the instrument. A cyclonic feature appeared to be over the deployment location
during early November (Figure 3.1.6-2). Beginning on 4 November, a subsurface oscillation
event with amplitudes greater than 40 cm-s” was seen between 150 and 350 m depth. These
oscillations had a period of 24 hours. The event lasted nine days, although the period that the
speeds exceed 30 cm-s” was only on the order of a few hours. A speed minimum was seen
between 50 and 150 m; there was no indication of significant diurnal variability in the near-
surface (0-50 m) layers. We note that current speeds between 300 and 500 m persistently
exceeded 20 cm-s” during the 24-hr oscillations. The percentage good data quality indicator
shows a decrease of 20-30% during the peak speeds of the oscillation (Figure 3.1.6-3).
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interval is 10 cm-s!; data are in 16-m bins and 10-minute sampling interval. Data courtesy Chevron.
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3.1.7 Jet 8 in GC505: 20 November 1997

Roughly one week after the jet event described in Section 3.1.6, a second jet event occurred in
GC505. During the middle and end of November 1997, Eddy El Dorado pushed north over the
deployment location with currents exceeding 80 cm's™. As the leading edge of the eddy passed
by the instrument on 20 November, another packet of current oscillations occurred between 150
and 350 m depth (Figure 3.1.7-1). These oscillations appear to be a series of short-lived current
pulses lasting on the order of 4-8 hours. As before, there was no indication of such oscillations
above 150 m. The percent good decreased sharply during the peak speeds indicating a dramatic
reduction in data quality during this event (Figure 3.1.7-2).

The reduction of data quality during these two events at GC505 casts serious doubt on the
validity of these data. Since the depth of the jet is the same for both events, it may be that the
drill string or other structure was interfering with the acoustic beams during these measurements.
Vertical and error velocity as well as beam correlation and echo intensity were not available to us
for analysis.

3.1.8 Jet9in GC236: 9 April 1998

The data containing this jet was provided by Marathon Oil Company for use in the MMS
Deepwater Reanalysis Program. The jet was located in lease block GC236 (27.7302°N,
91.1419°W). Peak current speeds exceeded 62 cm-s™ at 180 m depth and the event lasted on the
order of 4 hours. A contour plot of current speed versus depth and time is shown in Figure 3.1.8-
1 (upper). Also plotted are contours of vertical velocity versus depth and time. Vertical and error
velocities reached -10 and -12.5 cm's™ during the peak horizontal current speeds (Figure 3.1.8-1
lower). Such large vertical and error velocities are indicative of possible inhomogeneous flow
fields. As described in Section 3.2, standard acoustic current profilers were not designed to
accurately reconstruct horizontal flow fields in the presence of substantial inhomogeneous flow
fields. In addition, echo intensities of one of the instrument’s acoustic beams show an
appreciable dip during the event indicating that rig interference may also be at play here.
Contributing to the uncertainty in the quality of this record is that the instrument was turned off
for several days after the measurements shown in Figure 3.1.8-1. Then the instrument was
intermittently turned on and off for several more days. Therefore, we surmise that rig operations
may have affected the data collection during this time. There is no record that rig operations
were affected by subsurface currents. The SSH field (Figure 3.1.8-2) shows Eddy Fourchon
centered at 88.5°W, 25°N. A filament extended north almost to the measurement location. The
eddy’s presence is confirmed in SST imagery (Figure 3.1.8-3), where the northern front of the
eddy shows several long wavelength oscillations running along the shelf edge. A tongue of cool
shelf water was seen being advected off the shelf and into deep water on the eastern side of the
eddy, southwest of the Mississippi River delta.

3.1.9 Jet 10 in DC977: 28 September 1998

An interesting phenomenon resembling a subsurface jet has been identified in the MMS Eddy
Intrusion Study data. On September 27, 1998, Hurricane Georges moved over the DeSoto
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Figure 3.1.7-1. Contours of current speed versus depth and time showing subsurface jet oscillations occurring in lease

block GC505 on 20 November 1997. Contour interval is 10 cm s-1; data are in 8-m bins and 19-minute

sampling. Data are courtesy Texaco.
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Figure 3.1.8-2. Sea-surface height (anomaly plus model mean) of the Gulf of Mexico based on
blended TOPEX/Poseidon and ERS-2 satellite altimeter on 12 April 1998 during
GC236 jet event. Coutour interval is 10 cm. Image courtesy Dr. Robert Leben
(University of Colorado).
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of Johns Hopkins Applied Physics Laboratory.
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Canyon Region in the northeastern Gulf of Mexico producing strong near-surface currents in
excess of 150 cm-s™'. As the storm passed and made landfall, the near-surface currents over the
continental slope and rise oscillated for several days at the local inertial period. Figure 3.1.9-1
shows the 18-50 hour band-pass filtered component current speeds during September-October
1998. At 12 m, the filtered current speeds were greater than 60 cm-s” (150 cm-s™ unfiltered)
during the time of the storm's passing, then oscillated with gradually decreasing amplitude for
about 10 days. Deeper in the water column (72 m), the inertial oscillations began about the time
of the hurricane's passing and gradually increased to a peak magnitude of about 40 cm's™ one
week after the storm passed. At 500 m, a packet of inertial period energy is clearly seen
beginning 10 days after the storm first affected the near surface and lasting roughly 10 days with
peak speeds of about 25 cm's”. Figure 3.1.9-1 clearly shows the downward propagation of
inertial band energy after the passage of an intense cyclone. We emphasize that the inertial wave
packet seen at 500 m was likely generated at a location remote from this mooring. Based on
these observations, it is likely that some subsurface jets could be caused by the vertical
propagation and horizontal migration of inertial energy days or weeks after a significant
atmospher